Removal of non-metallic impurities like O, N, C and S in 4N Cu rods by argon plasma-arc zone melting and hydrogen plasma-arc zone melting was investigated. The experimental results were discussed on the basis of thermodynamic estimation. Substantial removal of these impurities along the length of the Cu rods by argon plasma-arc zone melting was observed and relatively better removal by hydrogen plasma-arc zone melting was found to be due to activated hydrogen atoms. The removal of O, N, C and S was ascribed to the segregation effect as well as evaporation in the form of CH 4 , H 2 O and H 2 S. As a result, it was found that hydrogen plasma-arc zone melting is a better technique to eliminate non-metallic impurities like O, N, C and S in Cu.
Introduction
The purity of Cu is very important in fundamental research because of the influence of trace impurities on electrical resistivity, thermal conductivity, ductility and oxidation kinetics. 1) Purification of Cu by floating zone refining (FZR) was difficult due to its large thermal conductivity and small surface tension of the molten zone. However, FZR under hydrogen atmosphere has resulted in a remarkable decrease of S, Se, Al and Si.
2) Cu refining by vacuum induction melting at high temperature has resulted in the effective evaporation of Zn, Sn, As, Bi, etc.
3) Ar-H 2 plasma arc melting (HPAM) enabled removal of non-metallic impurities from Fe, Mo and Ta and also metallic impurities from Zr, Nb and Mo. [4] [5] [6] [7] These refining effects of HPAM are thought to be caused by dissociated and activated hydrogen atoms in high temperature plasma-arc. In addition, Argon plasma-arc zone melting (APZM) and HPZM are operated under atmospheric pressure, so that evaporation loss of the molten metal could be suppressed naturally, unlike other high vacuum melting processes.
The distribution coefficients of non-metallic impurities such as O, C and S in Cu were estimated to be around 0.023, 0.1 and 0.01, respectively. 8) Therefore, these impurities are expected to be segregated towards the end of Cu rod during zone melting. Moreover, these impurities could be further reduced by reaction of respective impurity elements with activated hydrogen atoms, if Ar-H 2 plasma-arc is used as a heating source during zone melting. For example, hydrogen plasma-arc zone melting (HPZM) is expected to be more effective for the purification of C, when compared with Ar plasma-arc zone melting (APZM) due to the formation of compounds such as CH 4 , H 2 S, NH 3 , H 2 O as well as the segregation by zone refining. However, there was no report on the purification of Cu using HPZM, because it was considered difficult to refine Cu due to its relatively higher vapor pressure coupled with high thermal conductivity when compared to that of refractory metals. Nevertheless, Cu purification can be carried out by the careful control of the input power to the melting arc. Therefore, we report in this paper the concentration behavior of non-metallic impurities like O, N, C and S in Cu rods refined by APZM and HPZM and discuss the experimental results from a view point of thermodynamic estimation. Removal of these gaseous impurities to the minimum possible levels in Cu metal is important in the production of ultrapure copper used for various electronics applications. Table 1 . Ar or Ar-10%H 2 were used as a plasma generating gases. The schematic diagram of plasma-arc zone melting apparatus used in this work is as shown in elsewhere. 5) A dc arc discharged type plasma torch with a maximum power of 20 kW is equipped on a stainless steel vessel of dimensions W 200 mm Â L 800 mm Â H 180 mm. As plasma generating gas, pure Ar or Ar-10%H 2 was introduced into the plasma torch at a flow rate of 5 l/min. The specimen Cu rod was placed on the grooved (W 20 mm Â L 200 mm and 5 mm in depth) water-cooled copper hearth (W 40 mm Â L 240 mm Â H 40 mm), which can be movable horizontally at a constant speed of 0.1-10 mm/min. Primary Cu bars of nearly 25 g of mass were melted at first by arc melting under 0.1 MPa Ar atmosphere. Final Cu bar of approximately 85 g mass and 8 mm Â L 200 mm was used as a starting material for plasma zone melting (PZM) by using four Cu bars as a bundle. Thus, the molten and solidified Cu rod was chemically polished using 18%HNO 3 for about 20 min followed by rinsing in acetone and deionized water before PZM. The power of Ar plasma-arc for PZM was generally set around 4.9 kW under varied plasma gas conditions. The length of the molten zone was nearly 30 mm and a constant zone speed of 3 mm/min was used for refining of Cu. Zone-melted rod was turned upside down after each pass because the bottom in contact with the Cu hearth was not melted. Thus, 10 number of zone passes were carried out. The zone refined Cu rod was mechanically grinded and polished with a sand paper (1500 grit) to make a smooth surface. Subsequently, the Cu rod was divided into six equal parts. A disc shaped Cu sample of 0.5 g was cut from each designated piece of Cu rod and was electrolytically polished to remove nearly 30 mm thick surface on either side. The electrolytic polishing was performed in a chemical bath of 2 : 1 : 1 of H 2 O : C 2 H 5 OH : H 3 PO 4 using 3 V, 0.4 A DC power for a period of 5 min. The disc shaped Cu samples were finally cleaned with ethyl alcohol and acetone followed by rinsing with de-ionized water and drying with a moisture free soft paper.
Experimental
O and N concentrations were determined by inert gas fusion method using LECO TC-436. High purity helium gas of purity 99.9995% (5N5) was used in all the oxygen and nitrogen analyses. C and S were determined by the oxygen combustion method using LECO CS-444LS. All with an accuracy of 0.1 mass ppm. High purity oxygen gas 99.999% purity was used as carrier gas for C-S analyzer. Cu rod of 6 mm was drawn in to wires of 2 mm diameter. Nearly 0.5 g mass of the portion of drawn wire was cut and cleaned in a similar fashion described above and used for C and S analysis. Average of three readings with fresh samples was done and the results are reported. We are aware of the less accuracy of the analyzed values in the range of parts per million (ppm). However, we are interested in the impurities removal trend after purification. Therefore the experimental values are plotted along with the possible error bars to study the removal trend of these impurities.
Stability of the melting arc power of the liquid zone is an important factor in zone melting. In order to estimate the arc power required to melt, a relation between the melting temperature of some high temperature metals like W (3653 K), Re (3453 K), Ta (3269 K) Mo (2893 K) and Nb (2740 K) and the output arc power in Ar plasma and Ar-10 vol%H 2 plasma gases was studied. The efforts to measure the surface temperature of the molten copper has proved unsuccessful. It was impossible to measure directly the surface temperature by two color pyrometer because of a high temperature plasma flame on the surface of the molten metal. Therefore, an alternative method to measure indirectly the specimen temperature using a melting point technique was adopted. A graph between melting temperature (K) and the arc power (kW) with Ar or Ar þ 10%H 2 gas is shown in Fig. 1 . In a similar fashion, the requisite power for a stable arc to melt Cu in Ar and Ar þ 10%H 2 atmospheres was studied and was found to be around 1500 K. Due to high thermal conductivity and vapor pressure of copper, the difference in zone melting temperature (T z ) to and the actual melting point temperature (T m ) of Cu was slightly higher when compared to the other rare earth metals shown in Fig. 1 .
Results and Discussions
The possibility of deoxidation, decarburization and desulphurization of Cu by hydrogen thermodynamically is an important pointer for the successful estimation of purification process. Activated hydrogen atoms exist in the high temperature (>5000 K) molten zone of plasma during HPZM. These hydrogen atoms contribute to their respective refining reactions although a small part of dissociated hydrogen atoms may be recombined in the vicinity of the molten metal surface due to a slight decrease in temperature.
5) The Gibbs free energies of reactions for O, C and S in molten Cu to estimate deoxidation, decarburization and desulphurization by H 2 and H with temperature, respectively 9, 10) are given by the following equations. Ar-10% H2 plasma Ar plasma Fig. 1 Relation between the melting temperature of some high temperature metals and the output Arc power in Ar plasma and Ar-10%H 2 plasma gases.
Graphical representation of the equations (4), (5), (9), (10), (11) and (12) as a function of temperature is shown in Fig. 2 . Deoxidation, decarburization and desulphurization by H 2 are considered to be difficult due to the values of ÁG being close to zero or positive. On the other hand, ÁG by atomic H becomes lower and therefore deoxidation, decarburization and desulphurization by nascent H must be considered to be higher than that of molecular H 2 . However, ÁG of deoxidation by H is considerably negative but that of decarburization and desulphurization becomes close to zero around 2875 K and 1850 K, respectively. Since the zone melting of copper was around 1500 K, deoxidation, decarburization and desulphurization by atomic H was expected to be feasible at the zone melting temperature Particular thermodynamic studies on N removal were not very much essential, because, it was difficult to estimate the low initial concentrations of N in the range 0.1 to 1.11 ppm.
The changes in O, N, C and S concentrations of 4N-Cu before and after Ar/Ar-10%H 2 plasma-arc zone melting are presented in Table 1 . Figure 3 The initial concentration (1.11 ppm) of N in the Cu rod decreased rapidly to 0.31 ppm and to 0.49 ppm at the first portion (at x=L ¼ 0:03) after APZM and HPZM, respectively and then no further distinct change in concentration of N observed. The removal trend was mainly due to the evaporation of NH 3 formed by the reaction between N and H. Generally C is very easy to remove in Cu due to K o % 0:1 as well as the reaction of C and H. It was reduced from 0.70 ppm (at x=L ¼ 0:00) to 0.10 ppm (at x=L ¼ 0:97) in both APZM and HPZM. S in the Cu rod has an excellent segregation in APZM and it decreased from 5.30 ppm (at x=L ¼ 0:00) to 1.30 ppm (at x=L ¼ 0:74) by APZM and 32.20 ppm of S was found to be accumulated at the end (at x=L ¼ 0:97). On the other hand, S in the Cu rod reduced to 0.40 ppm (at x=L ¼ 0:97) by HPZM and the accumulation at the end of the rod showed only 1.30 ppm. This was ascribed to the predominant reaction of S with activated hydrogen atoms resulting in H 2 S.
Conclusions
The concentration behavior of non-metallic impurities in Cu rods refined by APZM and HPZM was investigated. Removal of O, N, C and S in 4N Cu rods by APZM and HPZM was ascribed to be due to the segregation effect as well as evaporation in the form of CH 4 , H 2 O and H 2 S. Substantial removal of these impurities along the length of the zone melted Cu rods by Ar plasma gas was observed. On the other hand, the better removal by Ar-10%H 2 plasma gas was found to be due to atomic hydrogen atoms. The effect C and N removal is similar both in APZM and HPZM. It was found that HPZM is a better technique to eliminate non-metallic impurities like O and S in Cu, due to both segregation effects as well as by the reaction with atomic hydrogen. Relatively, HPZM has left over very less oxygen content at the end portion of the ingot and therefore the amount of material that should be cut at the end portion, wherein the impurity content is exponentially increasing will reduce considerably resulting in increase in yield. Similar argument is also valid in case of S in Cu. Concentration Behavior of Non-Metallic Impurities in Cu Rods Refined by Argon and Hydrogen Plasma-Arc Zone Melting
